AbstractVThe authors have assembled a compilation of exposure rate constants, f-factors, and lead shielding thicknesses for more than 1,100 radionuclides described in ICRP Publication 107. Physical data were taken from well established reference sources for mass-energy absorption coefficients in air, attenuation coefficients, and buildup factors in lead and other variables. The data agreed favorably for the most part with those of other investigators; thus this compilation provides an up-to-date and sizeable database of these data, which are of interest to many for routine calculations. Emissions were also segregated by emitting nuclide, and decay product emissions were emitted from the calculated coefficients, thus for the first time providing for the calculation of exposure rates from arbitrary mixtures of nuclides in arbitrary equilibrium states. Health Phys. 102(3):271Y291; 2012
INTRODUCTION
EXPOSURE RATE constants and lead shielding thicknesses are needed by many for routine calculations in radiation safety, medical uses of radionuclides, and other applications. A number of compilations have been found to be useful, including the Radiological Health Handbook (USDHEW 1970) , which included exposure rate constants from Jaeger et al. (1968) , an article by Unger and Trubey (1982) , and others. The goal of this work was to provide an updated and comprehensive list of such values, using data from the recent ICRP Publication 107 (ICRP 2009 ). Comparisons of the calculated values with those of other investigators are also provided. This compilation uses newly released decay data for many radionuclides and traditional definitions of exposure rate constants, which can be related to absorbed dose or equivalent dose via well known relationships. Nuclide-specific f-factors for conversion between exposure rate in air and dose rate to tissue are also presented.
METHODS
The exposure rate constant < relates the activity of a point isotropic radiation source to the exposure rate in air at a given distance:
where A is the source activity, d is distance to the source, and C is a minimum cutoff energy, which determines the minimum energy photon that can contribute to the exposure. In this work, C = 15 keV is used. In terms of the decay spectrum of a nuclide, the exposure rate constant can be written as
where (K en /Q) i is the mass-energy absorption coefficient in air for photons of energy E i emitted by the nuclide with yield Y i . This equation will have units of exposure rate per unit activity at distance d when appropriate unit conversions and assumptions (e.g., about the amount of energy needed to produce an ion pair in air) are applied, as in this example from Stabin (2007) for 60 Co (considering just the two principal photons for demonstration purposes): The nuclear decay data from ICRP Publication 107 were taken in electronic form and used to find the yield Y i and
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. Bremsstrahlung was neglected. All mass-energy absorption coefficients were obtained by log-log interpolation of Hubbell and Seltzer (1996) .
Additionally, for nuclides that have no photon emissions themselves but are in secular equilibrium with photon-emitting products (e.g., 137 Cs/ 137m Ba), the decay schemes have been combined in selected cases with this being noted. In general the authors did NOT combine emissions for parent/progeny situations. This segregation of the emissions by the actual emitting nuclide allows more accurate determination of the exposure due to a complex mixture of nuclides. If the decay equilibrium of a mixture is known, the resulting exposure rate can be found by simple linear combination of the appropriate nuclides from Table 1 below. However, the lead shielding thicknesses cannot be combined easily for mixtures of nuclides.
The shielding requirements were calculated by energydependent attenuation of the exposure rates calculated here through varying thickness of pure lead. The broadbeam transmission, T(E,x), for photons of energy E through lead thickness x was modeled as exponential attenuation modified by an energy-and depth-dependent buildup factor: T ðE; xÞ ¼ BðE; xÞ exp½ÀKðEÞx:
Two recent works have calculated in detail the buildup curves for monoenergetic photons in lead (Shimizu et al. 2004; Kharrati et al. 2007 ), albeit in different energy ranges. Shimizu et al. (2004) present data for energies from 30 keV to 15 MeV; Kharrati et al. (2007) include data for 15 to 150 keV. (The lower limit of 15 keV for the buildup factors is the reason for the 15 keV lower cutoff on photon emissions in this effort.) Since the energy coverage overlaps between 30 and 150 keV between these two works, transmission values in the overlap region were averaged: where the subscript K denotes data taken from Kharrati et al. and S denotes Shimizu et al. For the Shimizu et al. (2004) data, the buildup factors were taken directly from Table 4 . For the Kharrati et al. (2007) data, the empirical fit given in their eqn (6) was used:
where x is depth in units of 0.1 mm. The coefficients >, A, and F were taken from the columns for dose from Table I of Kharrati et al. Finally, the nuclide-specific f-factors (cGy/R) in Table 1 were calculated as spectrally averaged tissue-to-air stopping power ratios. The tissue model was based on the ICRU-44 soft tissue model, and the mass-energy absorption coefficients for it were obtained from Hubbell and Seltzer (1996) .
RESULTS
A listing of the results for all nuclides is given in Table 1 . The complete list in electronic form will be made available from the web site maintained by the RAdiation Dose Assessment Resource (RADAR) Task Group of the Society of Nuclear Medicine (www.doseinfo-radar.com).
DISCUSSION
Tables 2Y4 show comparisons of the values in this report to those reported in the original Radiological Health Handbook (RHH; U.S. DHEW 1970), Unger and Trubey (1982) , and Tschurlovits et al. (1992) for selected radionuclides. In converting the current values for comparison to dose rate, as in Tables 3 and 4 , the calculated nuclidespecific f-factors in Table 1 were applied. Table 2 shows a comparison between these results and those of the RHH. The authors find good agreement except for 125 I, for which the value is listed as ''È0.7,'' but the nature of this difference is unknown due to the approximate nature of the RHH value provided and the age of the publication.
A comparison between the exposure rate constants calculated here and values of equivalent dose constants given in Unger and Trubey (1982) is given in Table 3 . The current values are systematically lower than those of Unger and Trubey. This is likely due to differences in methodology. Unger and Trubey included emissions down to 10 keV and used a fitted function of dose rate per unit flux density to obtain their constants instead of using absorption coefficients directly. Contributions from emissions in the 10Y15 keV range were neglected, as in practice these emissions almost never contribute to dose due to the rapid attenuation of photons at these energies and the frequent presence of encapsulating materials. Table 4 shows comparisons of the current values to those of Tschurlovits et al. (1992) In, 99m Tc, 201 Tl, and 65 Zn). As agreement is very good for most cases, and agreement with the RHH is good for all nuclides except for 125 I, some error in calculation or reporting in the Tschurlovits et al. work for these particular nuclides is suspected.
Finally, comparison of shielding values shows good agreement for many commonly used nuclides, but it is hard to make an extensive comparison because such data (6) (7) Thus the shielding values should be used, as with the exposure rate constants, by combining the appropriate entries with regard to their proportion in a particular equilibrium situation. The notable discrepancies are easily explained by the improved treatment of bremsstrahlung in Shimizu et al. 2004 . Photon buildup factors are extremely dependent on bremsstrahlung at shallow depths and high energies (e.g., Shimizu et al. 2004, Fig. 5 ). For example, if the current value of the HVL of 60 Co is compared, 15.6 mm Pb is found, while the commonly used value is 12.5 mm Pb. The majority of its emissions are at 1.17 and 1.33 MeV, which would be highly sensitive to a change in the treatment of bremsstrahlung. Low-energy emitters Cs).
CONCLUSION
The authors have calculated exposure rate constants, nuclide-specific f-factors, and lead shielding thicknesses for most of the more than 1,100 radionuclides described in ICRP Publication 107. This compilation adds to the literature on this important practical area of radiation protection, using up-to-date radionuclide decay and radiation attenuation data. Agreement with previous works in this area is generally good, with a few exceptions. Table 4 . Comparison of selected exposure rate constants from this work and dose constants from Tschurlovits et al. (1992 
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